Chronic alcohol use leads to specific neurobiological alterations in the dopaminergic brain reward system, which probably are leading to a reward deficiency syndrome in alcohol dependence. The purpose of our study was to examine the effects of such hypothesized neurobiological alterations on the behavioral level, and more precisely on the implicit and explicit reward learning. Alcohol users were classified as dependent drinkers (using the DSM-IV criteria), binge drinkers (using criteria of the USA National Institute on Alcohol Abuse and Alcoholism) or low-risk drinkers (following recommendations of the Scientific board of trustees of the German Health Ministry). The final sample (n = 94) consisted of 36 low-risk alcohol users, 37 binge drinkers and 21 abstinent alcohol dependent patients. Participants were administered a probabilistic implicit reward learning task and an explicit reward-and punishment-based trial-and-error-learning task. Alcohol dependent patients showed a lower performance in implicit and explicit reward learning than low risk drinkers. Binge drinkers learned less than lowrisk drinkers in the implicit learning task. The results support the assumption that binge drinking and alcohol dependence are related to a chronic reward deficit. Binge drinking accompanied by implicit reward learning deficits could increase the risk for the development of an alcohol dependence.
Introduction
The social acceptance and availability of alcohol is reflected in an annual German per capita consumption of twelve liter pure alcohol. Within a time period of 30 days, alcohol is consumed by approximately 80% of German men and 70% of German women. Accordingly, there is a high number of people with alcohol use disorders, estimated 1.8 million in Germany (Bundesregierung, 2017; Heinz & Batra, 2003; John, Hanke, Freyer-Adam, Baumann, & Meyer, 2018; McCarty et al., 2004) .
One way of risky alcohol use is binge drinking, which is defined as the consumption of five or more alcohol units (0.08 g/dl) for men and four or more alcohol units for women during a time episode of 2 h on at least one day in the past month (NIAAA, 2004; SAMHSA, 2016) . Different longitudinal studies have demonstrated, that repeated excessive consumption of alcohol (e.g., binge drinking) leads to a higher risk of developing alcohol dependence and neuropsychological problems (Bourque et al., 2016; Jennison, 2004; Stolle, Sack, & Thomasius, learning is not only relevant for alcohol dependence, but for sustained alcohol use in general. It is supposed, that already sustained risky alcohol consumption causes adaptive changes in mesolimbic regions, modulated by dopamine (DA). Postsynaptic DA-D2-receptor density is probably down-regulated and DA-release from VTA reduced (Volkow & Morales, 2015) . Consequently, it was argued, that the resulting hypodopaminergic state might lead to a reduced sensitivity to natural reinforcers and other rewards (Hyman, Malenka, & Nestler, 2006; . Fitting to this, heavy social drinkers and alcohol dependent people reacted less to monetary reinforcers in behavioral impulsivity measures than light social drinkers and non-alcohol dependent people (Perry & Carrol, 2008) .
The Incentive Sensitization Theory by Robinson and Berridge (2000) emphasizes the role of different associative learning processes in addiction. It focuses on drug-induced alterations in BRS circuitry and associated changes in motivational processes and associative learning (Everitt et al., 2008; Volkow & Morales, 2015) . In their corresponding model of reward, Berridge, Robinson, and Aldridge (2009) distinguish three components of reward: liking, which is emotional and predominantly implicit; wanting, which is incentive motivational; and learning, which purveys the ability to predict reward, and hence forms the basis of wanting. Berridge et al. (2009) further distinguish between different associative learning processes that can be classified as explicit vs. implicit. Based on these models, we expect that implicit and explicit reward learning processes play distinct roles during development and maintenance of a dependence.
With regard to their neuropsychology, implicit and explicit reward learning involve distinct neural circuits (Frank & Claus, 2006) . Frank and Claus (2006) proposed that the dopaminergic basal ganglia (BG) system mediates implicit, context-dependent response initiation based on the relative probability of positive or negative outcomes, hence implicit reward-dependent learning. The dopaminergic activity in the BG, particularly the ventral striatum, determines whether a response is executed or inhibited, according to the contingencies of the response (Nakanishi, Hikida, & Yawata, 2014) . This is a slow, implicit associative learning process, where a positive outcome promotes a behavior and a negative outcome inhibits a behavior (Averbeck & Costa, 2017; Frank & Claus, 2006) . Explicit response selection based on anticipated rewards, however, requires a top-down control of the dopaminergic activity in the BG by the orbitofrontal cortex (OFC), which provides estimates of reinforcement magnitudes activated in working memory. This explicit system is successful in estimating the true expected value of rewardrelated decisions and is fast in switching behavior when reinforcement contingencies change. Due to the alcohol-induced alterations in the BRS, including BG and OFC (Volkow, Fowler, Wang, & Goldstein, 2002; Volkow & Morales, 2015) , implicit and explicit reward-related learning may be altered in chronic alcohol use. While neuropsychological deficits in reward learning and memory in alcohol dependence are well studied, less is known about impaired reward learning of alternative natural rewarding, non-alcohol related stimuli in repeated excessive alcohol use like binge drinking.
Previous research
To our knowledge, there are no behavioral studies that separately examined implicit and explicit reward learning in alcohol addiction or binge drinking using experimental tasks with non-drug-associated stimuli. Park et al. (2010) reported an impaired implicit reinforcement learning and an abnormal functional connectivity between DLPFC and striatum in people with alcohol dependence as compared to a control group. During the reinforcement learning task with probabilistic reward allocation, alcohol dependent patients needed more trials than the control group to meet a defined learning criterion. There are no behavioral studies yet on implicit reward learning in binge drinking, except in animal research. The existing studies only examined the impact of binge drinking on BRS on a neuronal level. But there are none investigating the behavioral level. Smith, Co, Mcintosh, and Cunningham (2008) found that repeated binge drinking causes a diminished DA-concentration in reward-related brain structures in rats. Similarly, Schulteis and Liu (2006) showed a temporary elevated reward-threshold as a result of repeated binge drinking in rodents.
Many studies demonstrated deficits in alcohol dependent patients in explicit reward related learning and reward related decision making (Galandra, Basso, Cappa, & Canessa, 2018; van Holst & Schilt, 2011; Yücel, Lubman, & Solowij, 2007) , mainly tasks were applied with explicit instructions and choices such as Iowa Gambling Task (Bechara et al., 2001; Le Berre, Fama, & Sullivan, 2017; Rogers, Moeller, Swann, & Clark, 2010) . Further, drug users, including smokers, alcoholics, cocaine users, and opiate addicts, performed more impulsively in such behavioral tasks (Vuchinich, Tucker, & Rudd, 1987; Bickel & Madden, 1999; Mitchell, 1999; Fillmore & Rush, 2002; Lejuez et al., 2003; Reynolds, Richards, Horn, & Karraker, 2004; Tanabe et al., 2009; Madden, Johnson, Brewer, Pinkston, & Fowler, 2010) . However, evidence about the influences of binge drinking on explicit reward learning is inconsistent (Field, Wiers, Christiansen, Fillmore, & Verster, 2010; Lees et al., 2018) . With the Iowa Gambling Task, Goudriaan, Grekin, and Sher (2007) found deficits in decision making in heavy binge drinkers only. Likewise, Rose and Grunsell (2008) found weak group-effects in a delay discounting task and no difference between binge drinkers and controls in a time estimation task. Lannoy, Maurage, D'Hondt, Billieux, and Dormal (2018) found no difference regarding inhibition abilities in a speeded Go/No-Go task between binge drinker and control participants.
Present research and predictions
Aim of the present study was to examine alterations in reward learning in alcohol use disorders. Besides distinguishing alcohol dependence along the DSM IV-criteria, repeated binge drinking and low risk alcohol use, we also considered two other relevant factors, namely explicit and implicit reward learning.
Impairments in explicit reward learning and reward based decision making are well studied in alcohol dependent patients. Studies are rare which investigate implicit reward learning of non-drug reinforcers. There is a study by Park et al. (2010) , which has already shown deficits in a reinforcement learning task with probabilistic reward allocation in alcohol dependent patients. But regardless the probabilistic reward allocation in the task, the learning rule within each trial bloc was to be learned and therefore an explicit learning criterion had to be achieved. Accordingly, implicit reward learning in alcohol dependent patients has to be further investigated. The characteristic of implicit reward learning paradigms is, that the reward allocation rules are not recognized by participants, even though they steadily make better predictions (Knowlton, Squire, & Gluck, 1994) . Therefore, it is important to investigate implicit and explicit reward learning in separate tasks. Furthermore, these separate functions are much less studied in binge drinkers. There are no studies about implicit reward learning and results in explicit reward based decision making tasks are inconsistent (Goudriaan et al., 2007; Bø, Aker, Billieux, & Landro, 2016; Lannoy et al., 2018; Lees et al., 2018; Rose & Grunsell, 2008) . Therefore, we formulated hypothesis on the basis of neurobiological findings in alcohol use disorders.
Due to the neurobiological, empirical supported assumptions of a reduced number of dopaminergic D2 receptors, the generally dampened dopamine neurotransmission, and the reduced OFC regulated behavioral control, we expected impaired implicit and explicit reward learning in dependent and bingeing alcohol drinkers as compared to a control group of low-risk alcohol drinkers. We further hypothesized that the longer the duration of an alcohol use disorder, the lower the task performance.
Material and methods

Participants
The clinical sample consisted of n = 26 alcohol dependent patients from the German Salus-Clinic Lindow. The alcohol cessation treatment in Lindow usually follows the detoxification treatment in an acute hospital or a supervised or self-initiated withdrawal, before a patient is admitted into the clinic. Patients were only then asked to participate in the study, when the acute withdrawal was concluded. Accordingly, at the time of testing the patients in the alcohol dependent group were abstinent only some days or a few weeks. The n = 82 non-dependent participants were recruited with flyers, emails and in personal conversations in bars, cafés and at the university campus in Halle/Saale. All participants signed informed consent prior to the study. The study was accomplished in compliance with the declaration of Helsinki.
Four alcohol dependent patients with a comorbid depression and one with poly drug use were excluded from analysis. From the nondependent subjects, three with a non-bingeing risky alcohol use, three with a chronic cannabis misuse, one with a phobic disorder, one with obsessive thoughts, and one with an anamnestic legasthenia were excluded from the analysis.
The final sample (n = 94) consisted of three groups: n = 36 low-risk alcohol drinkers, n = 37 binge drinkers, and n = 21 abstinent alcohol dependent patients fulfilling the DSM-IV criteria for alcohol dependence (Saß, Wittchen, & Zaudig, 1998) . Binge drinking was defined according to the criteria of the US National Institute on Alcohol Abuse and Alcoholism (NIAAA, 2004; see also SAMHSA, 2016) , that is four or more alcoholic drinks for women and five or more for men within 2 h, at least twice a month, and since the last six months or longer. These participants were visitors of alcohol selling bars, cafés and restaurants or students of the Martin-Luther-University Halle-Wittenberg and their relatives and acquaintances. Inclusion criteria for the binge drinking group were absence of an alcohol dependence according to the DSM IV criteria or another risky alcohol use beyond the recommendations of the German Health Ministry for a low-risk alcohol use (John et al., 2018; Keller, Maddock, Laforge, Velicer, & Basler, 2007) . We defined low-risk alcohol use according to the recommendations of a maximal daily limit of alcohol use (no more than one daily alcoholic drink for women and no more than two for men on no more than on five days a week) of the German Health Ministry (John et al., 2018; Keller et al., 2007) . Following Keller et al. (2007) , we defined an alcoholic drink as one bottle of beer (0.33 l), one glass of wine or champagne (0.15 l), one glass of spirits or hard liquor (0.04 l), one bottle of alcopop (0.33 l), one cocktail or long drink.
Sex distribution did not differ between the groups. In the low-riskgroup there were exactly the same number of women and men. In both of the other groups were five women less than men (Table 1 ). The groups differed regarding to age (Table 2 ). On average, the alcohol dependent patients were twice the age of binge drinkers and low-risk alcohol users.
Psychological testing
Psychological testing was performed in the Department of Psychology (Martin-Luther-University Halle-Wittenberg) or in the Salus-Clinic Lindow. The examination lasted up to two and a half hours. After the assessment of biographical and clinical data, subjects performed the implicit and explicit reward learning tasks, and the Stroop task. After a short break, subjects were tested for short-term memory, working memory, attention, crystallized and fluid intelligence, followed by a semi-structured clinical interview and several clinical questionnaires (The Alcohol Use Disorders Identification Test AUDIT, Babor, Biddle-Higgins, Saunders, & Monteiro, 2001 ; The Health Behavior Survey HFS, Keller et al., 2007; Fagerstrøm Tolerance Questionnaire FTND, Heatherton, Kozlowski, Frecker, & Fagerstrom, 1991) .
Implicit reward learning
To test implicit reward learning, we used the Ice-Cream-Seller-Task (IST, adapted after Shohamy et al., 2004) , a probabilistic classification learning task (Knowlton et al., 1994) with two conditions: one implicit feedback condition and one explicit observation condition in a between-subjects-design. Subjects had to imagine they were an ice cream seller. They saw a puppet -the customer -in one of 14 configurations, resulting from the combination of four cues: a hat, glasses, a moustache and a bow tie. These cues were linked to the preference of the customer puppet for vanilla or chocolate ice cream. The task of the subjects was to predict the preferred ice cream. They received visual and monetary feedback after their verbal response. While in the beginning the subjects were only guessing, their predictions improved during the experiment. Subjects learned gradually which of the two outcomes (vanilla or chocolate ice-cream) would appear on each trial, given the distinct combination of cues (Knowlton, Mangels, & Squire, 1996) . Following Shohamy and colleagues, each single cue was independently and probabilistically related to the outcome and the complex, probabilistic structure of the task prevented the verbalization or memorization of Y. Paelecke-Habermann, et al. Addictive Behaviors Reports 9 (2019) 100178 learning rules; that is, this task actually requires and thus, tests implicit learning (Shohamy et al., 2004) . A second, observational condition with an explicit learning instruction served to compare explicit and implicit learning (feedback condition). Here, the subjects observed only the puppet and its choice during the first 100 trials. They were explicitly instructed to learn which customer prefers which ice cream. During the second 100 trials, the subjects had to name the preferred ice cream without any feedback.
2.2.1.1. Stimuli. The cues were features (hat, glasses, moustache and/ or a bow tie) of a plasticine puppet ( Fig. 1) holding a vanilla or chocolate ice cream in its left hand. Stimuli were photographed using a digital camera and then combined into 14 configurations (A-N) for each of the possible outcomes (vanilla, chocolate ice-cream). All configurations were displayed on a beige background. The 14 different configurations per ice cream type were presented randomly in two blocks of 100 stimuli following a scheme modelled after Shohamy et al. (2004) . The order was fixed for all subjects.
In total, both outcomes (vanilla and chocolate ice-cream) had the same frequency and a fixed, complementary probability per each cue: P (vanilla/hat present) = .80, P(vanilla/glasses present) = .60, P(vanilla/moustache present) = .40 and P(vanilla/bowtie present) = .20. The probability of the second outcome P(chocolate/cue present) amounted to 1 − P(vanilla/cue present). For example, cue 1 (hat present) was part of seven configurations and appeared in 100 trials; in 80 of these trials the outcome was vanilla ice cream and in 20 of these trials the outcome was chocolate ice cream.
Procedure.
Subjects were seated in front of a computer screen at a comfortable viewing distance. They received a German translation of the experimental instruction taken from Shohamy et al. (2004) . The configurations were presented on a 17-inch PC-notebook.
In the implicit feedback condition, an exemplification was presented after the instructions. Then, the subject could start the experiment by pressing the space bar. On each of the 200 trials the subject was asked "Which flavor do you think he wants?". They had to respond by saying the German words for vanilla ("Vanille") or chocolate ("Schokolade"). If the subject did not respond within 2 s, a reminder appeared "Please, answer now!" If the subject did not respond within the next 3 s, the correct answer was shown and this trial was rated as not solved correctly. After each correct answer the subjects received monetary reward of one Euro cent. The next trial started with a prompt "To proceed, press the space bar, please!". The experimenter sat opposite to the subject, noted the responses and provided the reward.
The observation condition consisted of two phases, an observational and a testing phase. The subjects received a German translation of the Y. Paelecke-Habermann, et al. Addictive Behaviors Reports 9 (2019) 100178 experimental instruction taken from Shohamy et al. (2004) . In each of the 100 trials of the observation phase, the customer puppet appeared for 5 s holding his favorite ice cream in the left hand. The order of observational trials was identical to that in the implicit feedback condition. After the last observational trial, the instruction for the 100-trial test phase appeared on the screen. The procedure of the test phase was similar to the second half (trial numbers 101-200) of the implicit feedback condition, except that no visual and monetary feedback was provided. The experimenter sat opposite of the subject and noted the responses.
We computed relative frequencies of optimal responses. A response was valued optimal if it matched the more probable outcome of the configuration (cf. Knowlton et al., 1994 ). An individual relative frequency was included if the participant responded above the guessing probability. To differentiate explicit and implicit learning, relative frequencies of the second half of the implicit feedback condition (100 trials) were compared to the 100 trials of the testing phase in the observation condition.
Explicit reward learning
To test explicit reward learning, we used a trial-and-error discrimination task with 80 playing cards with eight different, two-digit numbers (Card-Playing Task, CPT; Newman, Widom, & Nathan, 1985) . All stimuli were presented ten times in random order. The participants received a German translation of the experimental instruction used by Newman et al. (1985) . They had to learn, explicitly by trial and error, which of the eight numbers were target (S+) or non-target (S−) stimuli. Participants responded by tapping the targets and non-tapping the non-targets. The stimulus cards, one at a time, were placed in front of the subjects, and subjects had approximately 2 s to respond before the next card was presented. A response was recorded each time that a subject tapped a card with his or her finger (Newman et al., 1985) .
There were two conditions. In the passive avoidance with loss of reward condition (PALR), subjects were rewarded with 1 Euro cent for each correct response (tapping S+) and punished by withdrawing 1 Euro cent for each wrong response (tapping S−). No rewards were won or lost when a subject did not respond. The reward for response inhibition condition (RRI) involved the same discrimination task. In contrast to the PALR condition, subjects were rewarded with 1 Euro cent for each inhibited response. Hence, subjects were rewarded for correct responses (tapping S+) and inhibited incorrect responses (not tapping S−); they were not punished for incorrect responses (tapping S−). To minimize practice, sequence, and interference effects we used eight new, randomly generated numbers for both conditions. We analyzed omission (OE) and commission (CE) errors. The number of omission errors reflected the tendency to avoid punishing stimuli and the number of commission errors the tendency to approach rewarding stimuli .
Neuropsychological assessment
To monitor the performance in explicit and implicit reward learning for common reported deficits of people with alcohol use disorders in memory and attention, and for differences in intelligence we used the following psychological tests.
2.2.3.1. Attention. Attention was measured using the three subtests reading, naming, and interference of the Stroop colour word interference test (FWIT, Bäumler, 1985) .
2.2.3.2.
Memory. Short-term-and working memory were measured with the forward and backward memory span of the Revised Wechsler Memory Scale (WMS-R, Markowitsch, Neufeld, Calabrese, Deisinger, & Kessler, 2000) .
2.2.3.3.
Intelligence. Premorbid intelligence was tested using a word recognition test (MWT-B Lehrl, 1995) , which is functionally equivalent to the widely used NART test (Nelson & O'Connel, 1978) . Crystallized and fluid intelligence were assessed with subtests 1 + 2, 3 from (LPS, Horn, 1983; Sturm, Willmes, & Horn, 1999) , a German standard intelligence scale.
Addiction related measures
The daily nicotine consumption was measured with one question from the Fagerstrøm Tolerance Questionnaire (FTND, Heatherton et al., 1991) . This variable was used as a covariate, because a prior study (Paelecke-Habermann, Paelecke, Reschke, Giegerich, & Kuebler, 2013) showed significant effects on implicit and explicit reward learning. Alcohol addiction and consumption related variables were measured with the following questionnaires and interviews. Data about alcohol use and abuse were collected with a custom-made structured interview. The dependence related questions were taken from the SCID (Wittchen, Wunderlich, Gruschwitz, & Zaudig, 1997) , the CIDI (Composite International Diagnostic Interview, Wittchen & Semmler, 1990) , and the AUDIT (The Alcohol Use Disorders Identification Test, Babor et al., 2001 ). All non-dependent participants filled in the Health Behavior Survey (HFS, Keller et al., 2007) which included questions regarding all substance related disorders.
Clinical psychological assessment
The presence of comorbid axis-1 disorders was assessed with the SCID (Wittchen et al., 1997) . We asked for the number of consumed alcoholic drinks per month. Depressive symptoms were quantified with the German version of the Beck Depression Inventory (BDI, Hautzinger, Bailer, Worall, & Keller, 2000) . This was necessary, because depressive symptoms could have an effect on implicit and explicit reward learning (Paelecke-Habermann, 2009; Whitton, Treadway, & Pizzagalli, 2015) .
Statistical analysis
All analyses were corrected for age, BDI and daily cigarette consumption, when there was a significant influence in the analysis. For the ice cream seller task (IST) we calculated an analysis of covariance (ANOVA/ANCOVA) with task condition (feedback vs. observation) and group (low risk drinkers vs. binge drinkers and alcohol dependent patients) as between subject factors. To examine the reward dependent learning progress, we calculated a repeated measures ANOVA/ ANCOVA for the first and second half of the feedback condition with group as between subject factors. For the explicit learning task, we conducted 2 × 3 ANOVA/ ANCOVAs with task (PALR, RRI) as within and group as between subject factors for each of the three dependent variables (reaction time, omission errors, commission errors) and the relevant covariates (age, depressive symptoms via BDI, daily nicotine consumption). A priori planned contrasts (one-tailed t-tests) were calculated to test the directional hypotheses (low risk drinkers vs. binge drinkers and alcohol dependent patients, PALR vs. RRI, omission vs. commission errors).
We examined comparability of the groups in biographical, neuropsychological, substance related, and clinical variables using ANOVAs or student's t-tests. Parametric correlations were used to check for the relationship between dependent and control variables (age, BDI, premorbid, crystallized and fluid intelligence, interference, short-termand working memory) and substance related variables (duration of alcohol use, duration of dependence). The levels of statistical significance of correlation coefficients were adjusted for multiple comparisons (ten for each dependent variable) by the Bonferroni-Holm procedure (Holm, 1979) .
Where an a priori hypothesis was established, test for significance were one-tailed, otherwise two-tailed. The significance level was set to alpha = 0.05. The effect size parameters d (0.20 < d < 0.50 = small, 0.50 < d < 0.80 = medium, 0.80 < d = large), r (0.20 < r < 0.50 = small, 0.50 < r < 0.80 = medium, 0.80 < r = large), and η2 (0.01 < η2 < 0.06 = small, 0.06 < η2 < 0.14 = medium, 0.14 < η2 = large) are reported for the univariate and multivariate tests (Cohen, 1988) .
Results
Clinical and control variables
Distribution of education and daily cigarette consumption differed between groups (Table 1) . Mean scores and standard deviations of age, intelligence, neuropsychological variables and clinical features in the three groups are listed in Table 2 . The three groups differed with regard to age, short-term-memory, working memory, attention (FWIT, Bäumler, 1985) , depression (BDI, Hautzinger et al., 2000) , daily cigarette consumption, and the duration since first alcohol use. Overall groups the duration of use was positively correlated with age (r = 0.64; p ≤ .001). The single group analysis revealed a significant correlation only for the binge drinking group (r = 0.79; p ≤ .001).
Binge drinkers and low-risk drinkers performed comparably in a German vocabulary test (MWTB, Lehrl, 1995) and a crystallized and fluid intelligence test (LPS, Horn, 1983 ; subtests 1 + 2/3), but differed with respect to the number of alcoholic drinks per month and the number of days with alcohol use per month.
Implicit reward learning
Means, standard deviations, and standard errors of the mean for frequencies of optimal responses, are listed in Table 3 for groups and conditions of the IST. Fig. 2a /b depicts means and standard errors of the mean frequencies of optimal responses for the three groups and both conditions. The 2 (condition) × 3 (group) ANCOVA yielded no interaction of condition and group and no main effect of condition, but a significant main effect of group (F (2, 83) = 20.49; p = .000; η2 = 0.33; 1 -β = 1.00; Fig. 2a ). Alcohol dependent patients and binge drinkers learned less than low-risk drinkers in both conditions (contrast 1 0-1: F (2, 83) = 17.82; p = .000; η2 = 0.33; 1 − β = 1.00; contrast 0 1-1: F (2, 83) = 4.71; p = .04; η2 = 0.05; 1 − β = 0.54). Furthermore, alcohol dependent patients learned less than binge drinkers (contrast 0 1-1: f (2, 83) = 4.39; p < .001; η2 = 0.21; 1 − β = 0.97).
The repeated measures ANOVA proved a significant effect of learning (F (1, 47) = 13.15; p = .001; η2 = 0.34; 1 -β = 1.00; Fig. 2b ), group (F (1, 47) = 12.37; p = .000; η2 = 0.35; 1 − β = 0.99) and a significant interaction between learning and group (F (1, 47) = 3.47; p = .04; η2 = 0.35; 1 -β = 0.62). None of the covariates were significant. The duration of alcohol abuse (binge drinker and alcohol dependents) significantly correlated with the mean frequency of optimal responses in the feedback condition (r = −0.54; p = .001). There were no significant correlations between control and dependent variables after Bonferroni-Holm correction.
Explicit reward learning
Means and standard deviations of the mean for correct reactions and omission and commission errors, for each group and both conditions of the CPT are listed in Table 3 . Fig. 3 depicts means and standard errors of the error rates for groups and conditions.
Correct reactions
The 2 (condition) × 3 (group) repeated measures ANCOVA yielded a significant effect of group (F (1, 90) = 8.86; p = .000; η2 = 0.16; 1 − β = 0.97) but no main effect of condition and no interaction effect. Alcohol dependent patients showed less correct reactions than low risk and binge drinkers (contrast 1 0-1: F (1, 90) = 12.54; p = .001; η2 = 0.12; 1 − β = 0.94; contrast 0 1-1: F (1, 90) = 16.70; p = .000; η2 = 0.16; 1 − β = 0.98). Binge drinker and low risk drinker did not differ significantly. Cigarette consumption influenced the number of correct reactions such that the higher the number of cigarettes per day, the lower was the frequency of optimal responses (F (1, 90) = 3.25; p = .08; η2 = 0.04; 1 − β = 0.43). The duration of the alcohol use disorder (binge drinker and alcohol dependents) significantly correlated with the number of correct responses in the RRI condition (r = −0.42; p = .001). There were no significant correlations between control and dependent variables after Bonferroni-Holm correction.
Omission errors
The 2 (condition) × 3 (group) repeated measures ANCOVA yielded a main effect of condition (F (1, 89) = 18.13; p = .000; η2 = 0.17; 1 − β = 0.98) and group (F (1, 89) = 18.13; p = .000; η2 = 0.17; 1 − β = 0.98), but no interaction effect. Alcohol dependent patients showed more omission errors than low risk and binge drinkers (contrast 1 0-1: F (1, 91) = 8.87; p = .004; η2 = 0.09; 1 − β = 0.84; contrast 0 1-1: F (1, 90) = 8.82; p = .004; η2 = 0.09; 1 − β = 0.84). Binge drinker and low risk drinker did not differ significantly. Cigarette consumption and the BDI score influenced the number of omission errors such that the higher the number of cigarettes per day and the BDI score, the higher was the number of omission errors (Cigarettes: F (1, 89) = 6.26; p = .01; η2 = 0.07; 1 − β = 0.70; BDI: F (1, 89) = 6.01; p = .02; η2 = 0.06; 1 − β = 0.68). Alcohol dependent patients tendentially made more omission errors in the PALR condition than in the RRI condition (t(21) = 1.39; p = .09; difference: M = 3.00, SE = 2.16).
The duration of alcohol abuse (binge drinker and alcohol dependents) significantly correlated with the number of omission errors in the RRI condition (r = −0.36; p = .003). There were no significant correlations between control and dependent variables after Bonferroni-Holm correction.
Commission errors
The 2 (condition) × 3 (group) repeated measures ANCOVA yielded significant main effects of condition (F (1, 91) = 19.87; p = .000; η2 = 0.18; 1 − β = 0.99) and group (F (1, 91) = 10.73; p = .000; η2 = 0.19; 1 − β = 0.99), but no interaction effects. Alcohol dependent patients showed more omission errors than low risk drinkers (contrast 1 0-1: F (1, 91) = 15.05; p = .000; η2 = 0.14; 1 − β = 0.97; contrast 0 1-1: F (1, 90) = 19.52; p = .000; η2 = 0.18; 1 − β = 0.99). Binge drinker and low risk drinker did not differ significantly. Alcohol dependent patients made significantly more commission errors in the RRI condition than in the PALR condition (t(21) = 2.47; p = .02; difference: M = 4.29, SE = 1.74). The duration of alcohol abuse (binge drinker and alcohol dependents) significantly correlated with the number of omission errors in the RRI condition (RRI: r = 0.34; p = .004). There were no significant correlations between control and dependent variables after Bonferroni-Holm correction.
Discussion
Summary of results
Our investigation aimed at testing for reward learning deficits in people with alcohol use disorders. We compared alcohol dependent patients, binge drinkers, and low risk drinkers with regard to reward related learning and we were able to differentiate between implicit and explicit reward learning, which recruit different brain structures (Frank & Claus, 2006) . We found deficits for both kinds of reward learning in alcohol dependent patients and an impaired implicit reward learning even in binge drinking.
Alcohol dependent patients and binge drinking participants performed worse in the implicit reward learning task as compared to low risk drinking participants. Furthermore, we found a negative correlation of implicit learning performance with the duration of alcohol use in binge drinking and dependent participants. This result supports the assumption of impaired implicit reward learning in alcohol use disorders.
Likewise, alcohol dependent patients performed worse in the explicit reward learning task than binge and low risk drinking participants. They made more omission and commission errors than the other groups in both conditions of the explicit reward learning task. Compared to the other groups, alcohol dependent patients generally reacted more disinhibited, i.e., more commission errors, and even more so when commission errors were not punished as in the reward for response inhibition condition. The duration of alcohol use in binge drinking and dependent participants was correlated with the number of omission and commission errors. These results support the assumption of an impairment in explicit reward learning in alcohol use disorders.
We found no difference in explicit reward learning between the binge drinking and low-risk drinking group, yet negative correlations of the explicit reward learning performance with the duration of alcohol use in the binge drinking and alcohol dependent alcohol use disorders. Possibly, explicit reward learning in people with alcohol use disorders decreases more slowly over the years and, thus, not only implicit but also explicit reward learning processes are affected. This is an important question, which has to be examined in a future longitudinal study.
Implicit vs. explicit reward learning in dependent and binge drinking participants
Our study expands on previous findings: Firstly, we were able to differentiate between implicit and explicit reward learning, which both recruit different brain structures (Frank & Claus, 2006) . We found deficits for both kinds of reward learning in alcohol dependent patients. Secondly, only few studies to date compared reward related functions in alcohol dependent patients and binge drinking people to low risk drinking participants. Thirdly, our results point to an impaired implicit reward learning even in binge drinking. This supports the assumption, that binge drinking people are at a higher risk of becoming alcohol dependent than low risk drinking people (Grüsser, Mörsen, & Flor, 2006; Jennison, 2004; McCarty et al., 2004; Stolle et al., 2009 ). But only a longitudinal study with young binge drinking persons could give more information about the effects of repeated binge drinking on reward learning over time (Bourque et al., 2016) .
Our study complements previously reported results on reward learning deficits in alcohol dependent patients (Beck et al., 2009; Lane, Yechiam, & Busemeyer, 2006; Loeber & Duka, 2009; Mackillop et al., 2010; Park et al., 2010; Richards, Zhang, Mitchell, & de Wit, 1999; Wrase et al., 2007) . Chronic alcohol use affects the tonic, and phasic DA Fig. 3 . Corrected means and standard errors of the error rates for the groups (black: Low-risk Drinker, Binge Drinker, Alcohol Dependent Patients) and both conditions of the CPT. The light grey bars show means and standard errors of the mean error rates of a healthy group of middle-aged participants from another study (unpublished data, Michel et al., 2008) . These data were used for discussion of the results only. CE = commission error; CPT Card Playing Task; OE = omission error; PALR = passive avoidance with loss of reward; RRI = reward for response inhibition. signals in the BRS (Di Chiara, 1999; Volkow et al., 2007) . In line with our results, Makris et al. (2008) reported a decreased total rewardnetwork volume in alcoholic subjects. Phasic DA signals indicate the expectation or the unexpected attainment of a reward (Schultz, 2002) . If this phasic DA signaling is disturbed, then implicit reward learning is possibly also impaired. Sevy et al. (2006) found implicit reward learning deficits caused by a blockade of DA-transmission, which can be compared with the reduced DA-activity in alcohol dependents. Our findings are in line with these neurobiological findings of dopaminergic changes in chronic alcohol consumption and repeated bingeing. It seems that a reduced ability to learn implicit from non-drug reinforcers is a relevant factor for the development of an addiction. But the question if an impaired reward learning is a risk factor or a consequence for misusing alcohol remains unclear.
Alcohol dependent subjects showed deficits in explicit learning of information about reward and punishment. Accordingly, we found a decreased behavioral inhibition in both conditions of the explicit reward learning task. These results are in line with the well-confirmed assumption of a reduced frontal control in addiction (Jentsch & Taylor, 1999) . This assumption was supported by many neurobiological (Di Chiara, 1999; Volkow & Fowler, 2000; Volkow, Fowler, Wang, & Goldstein, 2002) and behavioral studies. Deficits were reported in dependent (Bechara et al., 2001; Goldstein, Volkow, Wang, Fowler, & Rajaram, 2001; Goudriaan, Oosterlaan, de Beurs, & van den Brink, 2006a; Lane et al., 2006) and binge drinkers (Goudriaan et al., 2007) and in heavy compared to light drinkers (Nederkoorn, Baltus, Guerrieri, & Wiers, 2009) . Studies using the Iowa Gambling Task (Bechara et al., 2001 ) reported a lower performance of dependent patients, which was interpreted as a behavioral disinhibition and a higher preference for faster, but more disadvantageous decisions in contrast to delayed, but more advantageous rewards. In our study, we distinguished between two experimental conditions, reward with (PALR) and without (RRI) punishment. The higher number of commission errors in both conditions of the explicit reward learning task in the dependent group suggests disinhibited behavior which could be a result of incomplete processing of stimuli indicating reward and punishment. Accordingly, alcohol dependent patients report often about automated, non-conscious drug taking behavior, which cannot be controlled or only with great effort (Stacy & Wiers, 2010) .
We found no major differences between binge and low-risk drinkers in explicit reward learning. This is in line with the fact, that these users can control their drug-taking behavior in daily life. Most of them reported an intention to alcohol bingeing in specific situations mostly together with peers (Oei & Morawska, 2004) . In a study of Bø et al. (2016) the binge score could not predict inhibition performance in a stop signal-task, but an impairment in response adjustment after errors in this task. Rose and Grunsell (2008) and Lannoy et al. (2018) also found no association of binge drinking with impulsivity task performance. Using the Iowa Gambling Task (IGT) Goudriaan et al. (2007) only found deficits in decision making in heavy binge drinkers. However, the group of heavy binge drinkers was characterized by a higher number of other mental disorders. This limitation does not allow for an appropriate inference of binge drinking effects on reward-related decision making (Goudriaan et al., 2007) . Although most studies suggest no meaningful deficits in explicit learning in binge drinkers, we found a correlation between both, the error rates (positive) and correct responses (negative) with the duration of alcohol use in non-dependent drinkers including binge drinkers and low risk drinkers. Thus, we argue that deficits in explicit reward learning evolve gradually with consumption (Koob, 2003) . Our results are in line with the reward model of Berridge and Robinson (2003) . The model assumes that addictive behavior is learned implicitly, but in the beginning, drug-taking behavior underlies deliberate frontal control of behavior. With continuous high risk alcohol consumption such as seen in binge drinkers frontal control is continuously reduced.
Neurobiological implications for binge drinking
The present paper showed an impaired implicit reward learning in people who are binge drink. This could be interpreted as an evidence for a decreased sensitivity and implicit processing of substance-unrelated reinforcers Volkow, Fowler, Wang, & Goldstein, 2002; Blum, Gardner, Oscar-Berman, & Gold, 2012) . This result points to behavioral deficits, which are probably related to neuroadaptive processes within the dopaminergic BRS. The impairment in implicit learning during the presentation of substanceunrelated reinforcers might be related to a down-regulation of dopaminergic receptors (Koob, 2006; Volkow & Morales, 2015) and a diminished phasic DA-neurotransmission (Schultz, Tremblay, & Hollerman, 2000; Keiflin & Janak, 2015) .
With regard to explicit reward learning, our results indicate an intact executive control of reward-dependent behavior in people who are binge drink. Their explicit response selection, based on anticipated nondrug rewards, which requires a regulation of the dopaminergic activity in the BG by the OFC (Frank & Claus, 2006; Pauli, Hazy, & O'Reilly, 2012) , may be still intact. Possibly, the controlling function of OFC still ensures adaptive and flexible decision making as well as goal-directed behavior in non-alcohol associated situation in non-alcohol associated situations in binge drinking alcohol users (Frank & Claus, 2006 ). Thus, we were able to demonstrate differential effects of binge drinking on explicit and implicit reward learning.
Limitations
As the three groups differed in age, we controlled all analyses for age. Age showed no significant influence within the analysis. The control group was matched to the binge drinking group but not to alcohol dependent patients. Yet, the performance of alcohol dependent patients is in line with previous research (Galandra et al., 2018) . Nonetheless, aging goes along with a decline in the structural integrity of the prefrontal cortex and significant losses of dopamine receptors and transporters, which could compromise the dopaminergic modulation (Dreher, Meyer-Lindenberg, Kohn, & Berman, 2008) . Particularly since we found a correlation of the duration of alcohol use with our dependent variables in alcohol dependents and binge drinking people. Therefore, it can be assumed that aging might have also an influence on cortical reward processing, as seen in suboptimal financial decision making (Samanez-Larkin, Kuhnen, Yoo, & Knutson, 2010) . On the other hand, a correlation between age and the duration of alcohol use was only found in binge drinkers but not in alcohol dependent patients. Furthermore, for an illustrating effect we used the data of a healthy middle-aged group from a study examining age effects on implicit and explicit reward learning. In the graphical presentation of the results (light grey lines/bars in Figs. 2 and 3 ) it is shown, that the performance scores of this healthy middle-aged group in implicit reward learning are much higher than these of the alcohol dependent patients in most of the conditions. This would be an argument that age is not the only explaining factor for the group differences in our results, and that indeed alcohol dependence and binge drinking did have a significant effect on the reward learning performance. Nevertheless, it was another study with another purpose and therefore we cannot make valid conclusions from these data. A second one to one age-matched control group would be necessary to disentangle the influence of age from that of alcohol dependence on reward learning. Nonetheless, it would be not possible to find an age matched group of binge drinking participants, because binge drinking is most common in the young-adulthood between age of 21-25 years and after that age gradually falls of Winograd and Sher (2015) . Compared to this, alcohol dependent patients who are in psychotherapeutic treatment, are inevitably older. However, our conclusions regarding to binge and low-risk drinkers are not affected hereby, because both groups were comparable in age.
We found a significant difference in daily cigarette use between the groups. Dependent and binge drinkers were more often smokers and smoked more cigarettes per day than low-risk drinkers. Nicotine is a highly addictive substance and also stimulates the BRS (Di Chiara, 1992; Di Chiara, 2002; Mao & Mcgehee, 2010) . Thus, our findings may be not only due the alcohol but also due to the nicotine consumption. Accordingly, Paelecke-Habermann et al. (2013) found a decreased performance in implicit and explicit reward learning with the same tasks in dependent and occasional smokers. However, we controlled all analyses for daily cigarette use and found no effects or correlations. We also found a significant group difference in the amount of depressive symptoms. Depressive symptoms are common withdrawal signs and are linked to a reduced DA transporter availability during withdrawal (Laine, Ahonen, Räsänen, & Tiihonen, 1999) . This effect might decrease reward processes by itself (Martin-Soelch, 2009 ), therefore we controlled all analyses for depressive symptoms (BDI), but we found no effects or correlations.
It was shown, that probabilistic reward learning is influenced by sustained attention (Markou et al., 2013) , working memory and speed of processing (Bismark et al., 2018) . We found no differences in shortterm and working memory between the three groups and no correlations with the dependent variables. The three groups differed in their reaction times in the Colour-Word-Interference-Test in all three conditions (reading, naming, and interference). But, we found no correlations of the reactions times with the frequencies in implicit reward learning and the error rates in explicit reward learning within groups and over all groups. So, we assume that reward learning in our reward learning tasks was not associated with attention, processing speed, and working memory. This is in line with the study of Lewandowski and colleagues, which found no association between reward learning and neurocognitive performance (Lewandowski et al., 2016) .
Unfortunately, we had no information about the medication of alcohol dependent patients. The common goals of psychopharmacological therapies for alcohol dependent patients are the treatment of intoxication and minimizing physical withdrawal symptoms (Wilcox & Bogenschutz, 2013 ). Yet, the patients who participated in our study were asked to participate only after the acute withdrawal was finished.
It is also possible that some of the patients received a medical cessation treatment after the acute withdrawal (e.g., naltrexone, disulfiram, or acamprosate; Tretter, 2017) . Performance of the patient group in explicit reward learning may have been affected by a possible medication with one of the three medications named above, as they have a high potential to improve conditioned learning and decision making (Salamone et al., 2018) . Any medication effects would therefore counteract our hypothesis.
Concerning implicit reward learning, we are not aware of any studies on the effects of such medication in alcohol dependent patients. However, we found performance deficits in our patient group as well as in our binge drinking participants that received no medication. This supports our view that the performance deficits of the patient group in implicit reward learning could not be explained by medical treatment effects.
Conclusion
We combined three groups of drinking behavior in one experimental design with implicit and explicit reward measures. Deficits in explicit and implicit reward learning of dependent drinkers support the reward deficiency syndrome hypothesis, that dependent patients suffer from a generally reduced reward reactivity (Blum et al., 2000) . In particular, binge drinkers were impaired in implicit reward learning. Possibly, this is indicative for binge drinking as a high risk factor for the development of alcohol dependence. Explicit and implicit learning deficits appear to evolve gradually with the amount and duration of alcohol consumption.
To further elucidate whether impaired explicit and implicit reward learning is not only a marker of alcohol and nicotine addiction (MartinSoelch et al., 2009; Martin-Soelch, Missimer, Leenders, & Schultz, 2003; Paelecke-Habermann et al., 2013) but for addiction in general, studies should be extended to other drugs (e.g., opiates, cannabis, cocaine, Martin-Soelch et al., 2001; Martin-Soelch et al., 2009 ) and behavioral addictions, such as addictive shopping, gambling, or binge eating (Goudriaan, Oosterlaan, de Beurs, & van den Brink, 2006b; Sobottka, 2007) . To determine causal relationships between deficient reward learning an addiction longitudinal epidemiological studies are required.
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